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Although continents were coalesced into the single landmass Pan-
gea, Late Triassic terrestrial tetrapod assemblages are surprisingly
provincial. In eastern North America, we show that assemblages
dominated by traversodont cynodonts are restricted to a humid
6° equatorial swath that persisted for over 20 million years charac-
terized by “semiprecessional” (approximately 10,000-y) climatic
fluctuations reflected in stable carbon isotopes and sedimentary
facies in lacustrine strata. More arid regions from 5–20°N preserve
procolophonid-dominated faunal assemblages associated with
a much stronger expression of approximately 20,000-y climatic
cycles. In the absence of geographic barriers, we hypothesize that
these variations in the climatic expression of astronomical forcing
produced latitudinal climatic zones that sorted terrestrial verte-
brate taxa, perhaps by excretory physiology, into distinct biogeo-
graphic provinces tracking latitude, not geographic position, as the
proto-North American plate translated northward. Although the
early Mesozoic is usually assumed to be characterized by globally
distributed land animal communities due to of a lack of geographic
barriers, strong provinciality was actually the norm, and nearly
global communities were present only after times of massive
ecological disruptions.
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Geographic and climatic barriers are among the main con-straints on the distribution of organisms. During the Late
Triassic, Pangea lacked significant geographic barriers nearly
pole-to-pole, and was warm and equable without glaciation or
sea ice (1). Nonetheless, when correlated temporally by nonbios-
tratigraphic means, diverse Late Triassic continental faunal and
floral assemblages display dramatic differences across paleolati-
tude (e.g., refs. 2–4) (Fig. 1). Although the equator-to-pole tem-
perature gradients may have been relatively weak, Milankovitch-
type climatic variability expressed in precipitation and evapora-
tion was nonetheless very important (5–8). Then, as now (9,10),
this scale of temporal variability may have played a critical role
in structuring terrestrial communities, and thus early Mesozoic
sequences provide a unique window into the link between climate
variability and biotic provinciality.
Here, we focus on the tropical regions of Late Triassic central
Pangea and the role of traversodont cynodonts (basal synapsids)
and procolophonids (parareptiles) as possible ecologically
equivalent herbivores (Fig. 2) under different climatic regimes.
We test the correlation between climate variability and biotic
provinces within narrow swaths of time constrained by astrochro-
nology, paleomagnetic polarity stratigraphy, and paleomagneti-
cally determined plate position from long [>5 million years
(My)] lacustrine and associated fluvial records spanning 30° of
paleolatitude. We show that faunal composition tracks different
modes of orbitally forced climate variability that maintained Pan-
gean faunal provinces and suggest that this may be a common
feature of continental ecosystems.
Geologic, Climatic, and Biotic Context
Exposed eastern North America rift basins, formed during the
incipient breakup of Pangea, comprise a northeast-southwest
transect across the paleo-equator and tropics (Fig. 1). Best known
is the Newark basin that, during the approximately 32 My. cov-
ered by its continuously cored record (11, 12), translated north-
ward with central Pangea, transecting zonal climate belts from the
equator to 20°N (8, 13, 14). The astrochronologic and paleomag-
netic polarity constraints on this sequence allow tight temporal
calibration and correlation to other basin sections in eastern
North America (Fig. 1). Perhaps because of the extreme conti-
nentality of the climate of Pangea or elevated temperatures
associated with high atmospheric CO2 concentrations (15, 16),
these lacustrine records were extremely sensitive to insolation
changes driven by celestial mechanics (6, 7, 17) as exemplified
by the tropical (5–20°N) Newark basin lacustrine record display-
ing lake-level cycles with periods of approximately 20 thousand
years (ky) (precession), approximately 100 ky (short eccentricity),
and 405 ky (long eccentricity) (6). This record also reveals longer
periods of climatic precession modulation of approximately
1.8 My and approximately 3.5 My cycles (7), but it notably lacks
convincing obliquity periods (6), indicating that precession and
eccentricity controlled lake-level cyclicity at these latitudes.
To examine the links between the expression of cyclical climate
mode and biotic provinciality, we analyzed cores and measured
outcrop sections in seven eastern North American rift basins from
Nova Scotia to South Carolina, which together with the 20° of
northward translation of the Newark basin extend the latitudinal
transect an additional 5° south and 5° north, spanning a total of
30° of latitude (Fig. 1).
Many terrestrial vertebrates have been found in these rift basin
sequences, including rich assemblages of hitherto unexpected
composition (18). Most surprising are assemblages containing
abundant small (skull length, 3–10 cm) traversodont cynodonts
from multiple localities and levels within the Richmond and
Deep River basins (Figs. 1 and 2) (e.g., refs. 18–20). Such assem-
blages were previously known exclusively from Gondwana (e.g.,
refs. 21, 22), and are still unknown from the American Southwest
(23). Coeval strata from other eastern North America basins have
produced assemblages of more familiar aspect, where procolo-
phonid parareptiles of similar size to the cynodonts are abundant
(24, 25). In these strata, traversodont cynodonts are either absent
or very rare.
Traversodont cynodonts and procolophonids have dentitions
that display at least superficially similar specializations for herbiv-
ory (25–27), consistent with a diet of tough, fibrous plant material
(28, 29) (Fig. 2). Their mutually exclusive abundance patterns
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and similar trophic adaptations suggest they could be ecological
equivalents. Paleomagnetic polarity correlations (8, 11, 30, 31)
and occurrences from multiple levels within several of these
basins demonstrate that these disparate assemblages are broadly
coeval, and that the traversodont-dominated assemblages occur
in strata deposited within a few degrees of the equator, whereas
procolophonid-dominated assemblages are found in higher tro-
pical to subtropical latitudes. Thus, the differences between the
assemblages suggest strong biotic provinciality, on a continent
where an ambitious tetrapod could theoretically have walked
from the Triassic location of Sydney to Vladivostok.
Core and Outcrop Materials
We analyzed lacustrine time series of environmental proxies from
five basins and six lacustrine formations that collectively span a
paleolatitudinal range of 17° and a temporal interval of 25 My
(Figs. 1 and 3) from 209 to 234 Ma. Core and outcrop metadata
are given in SI Text with ages based on the Newark basin astro-
nomically tuned geomagnetic polarity time scale (Newark-APTS)
correlation (32) (see SI Text). The environmental proxies used
in our analyses are primarily related to lake depth and related
ecosystem function (see Methods) that are in turn related to
climate-driven water balance fluctuations. These include depth
ranks (facies indicating different degrees of lake depth or desic-
cation), color (related to the redox state and organic carbon
content of the sediment), total organic carbon (TOC—related to
the redox state of the environment), and δ13Ctoc [related to the
differential preservation of organic matter with different stable
carbon isotopic ratios (33)].
Tropical Precessional Forcing
The records we examined were deposited in lakes in the tropics,
and it is important to examine our expectations of orbitally forced
water balance variability. Exactly what component of orbital
forcing is important to water balance in the tropics is debatable
(see ref. 34), but there is a growing consensus that the intensity of
insolation drives the intensity of convection and hence precipita-
tion in tropical monsoonal systems (34). Because the calendar
date of the time of maximum precipitation is not constant, normal
orbital solutions fixed to a date do not capture a time series of the
intensity of maximum insolation.
In the tropics, the sun passes directly overhead both at the
vernal and autumnal equinoxes, causing two warm and often
two wet seasons. The position of the equinoxes with respect to
perihelion gradually shifts over time, causing the two warm sea-
sons to alternately coincide with annual maximum insolation
(Fig. 4) (35). This coincidence occurs twice every precessional
Fig. 1. (Upper) Map of basins studied. (Lower) Time-geography nomogram showing correlation of key rift basin sections in eastern North America, typical
facies, and distribution of traversodonts and procolophonids. Time scale and paleolatitudes are based on the Newark basin section (6–8, 30). The gray curved
lines are lines of equal paleolatitude assuming rift basins are within a rigid plate and all drift with Pangea. Red arrows show the position of the studied sections
(SI Text): (A) Vinita Formation; (B) Cumnock Formation; (C) lower member Cow Branch Formation; (D) upper member Cow Branch Formation; (E) Lockatong
Formation; (F) Balls Bluff Formation; (G) Passaic Formation.
Fig. 2. Examples of traversodont cynodonts from equatorial latitudes (Left)
and procolophonoid parareptiles from higher tropical latududes (Right).
Skull is above, and mandible showing teeth is below. Scale bar, 1 cm. See
SI Text for specimen data.












cycle, resulting in an approximately 10-ky cycle (actually 9–12 ky)
in tropical annual maximum insolation (Fig. 4) (35–37). Because
at the tropics of Cancer and Capricorn the sun is directly over-
head only once a year, the time of maximum insolation indepen-
dent of the calendar date (Fig. 4) forms a clear latitudinally
dependent pattern. At the equator, an approximately 10 ky cycle
is present as well as a relative amplification of the spectral expres-
sion of the eccentricity cycles because of the asymmetry caused by
“rectification” of the precession cycles induced in the insolation
curve (36). This approximately 10-ky cycle is of precessional
origin but has half-precessional periods, and it is termed semipre-
cession. Proceeding from the equator, the amplitude of the
approximately 10-ky cycle and the eccentricity cycles decrease,
whereas that of the familiar approximately 20-ky cycle increases,
until the ∼20-ky cyclicity dominates at the tropics and the ∼10-ky
cycle is absent (38). In as much as precipitation is coupled to con-
vergence, lake high stands should be coupled to the period
of maximum insolation. Therefore, in a monsoonal system we
expect to see an approximately 10-ky cycle in lake depth within
a few degrees of the equator.
Energy balance models (36) and atmospheric general circula-
tion models (34, 39, 40) capture this semiprecessional cycle in
temperature and consequent precipitation variations, and both
continental and marine Quaternary tropical climate records
reveal at least a component of semiprecessional forcing (41–45).
Increased temperature gradients caused by large northern hemi-
sphere land masses enhance both the intensity and regional ex-
tent of precessional influences on hydrology in general circulation
models (34), and therefore precessional and semiprecessional
forcing of tropical hydrologic variations may have been enhanced
during the Triassic existence of Pangea.
Spectral Results
The Richmond, Deep River, and Dan River basins’ lacustrine
records (Fig. 1) display periodicities consistent with orbital for-
cing within the available age model constraints including cycles
of roughly 405-, 100-, and 20-ky period in all of the proxy records
(Fig. 3), as do the Newark and Culpeper basins. However, the
former three basins also contain strong approximately 10-ky to
approximately 15-ky semiprecessional cycles. This semipreces-
sional cycle is stronger than the approximately 20-ky cycle in
the Cow Branch Formation in the Dan River Basin, which is
the equatorial section with the best temporal correlation to the
Newark-APTS (see SI Text for details).
Our proxy time series tend to be highly asymmetrical, resem-
bling a clipped precessional signal (see SI Text). Although power
spectra of clipped precession signals can display artifactual semi-
precession frequencies as result of the clipping itself, this is not
the case in these data, because visual inspection shows peaks
in the time series of the proxy data at the expected half cycle
position, most apparent in direct comparison between the con-
temporaneous equatorial upper member of the Cow Branch
Formation (4° N) and higher latitude Lockatong Formation (8°)
(see SI Text). Other datasets show the same pattern as well, such
as the taxonomic composition of palynomorph assemblages and
organic matter type as seen in the Vinita Formation (46, 47).
Thus, at the same time approximately 20-ky cycles dominated
Fig. 3. Frequency spectra of the lacustrine sections. Measured sections and
data curves of depth ranks, color, δ13Corg, and TOC are given in the SI Text.
Darker gray bands show the range of frequencies expected for specific
periods (purple).
Fig. 4. (Left) Magnitude of maximum insolation (black), insolation at the
vernal equinox (blue), and insolation at the autumnal equinox (red) from
the equator to 23°N based on the La2004 solution (see Methods). (Right)
Frequency spectra of maximum insolation showing the prevalent semi-
precessional peak at frequency 0.10 near the equator, and the strong
obliquity peak at frequency 0.05 farther north.
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the climate of the Newark basin region, approximately 10-ky
cycles were dominant 4° to the south in the Dan River basin
as predicted by local insolation forcing (Fig. 4) and our concep-
tual model (Fig. 5).
Discussion
The geographic pattern of periodicities seen in these Late Triassic
rift basins corroborate the hypothesis that local forcing of climate,
largely through the maximum intensity in insolation, independent
of calendar date, controlled lake depth. The sections in the east-
ern North America Triassic rift basins with different modes of
climate variability also have different faunas. The equatorial sec-
tions with relatively well-developed semiprecessional variability
are dominated by traversondont cynodonts. But the sections
deposited in higher tropical and subtropical latitudes not only
show much weaker (or no) approximately 10-ky cyclicity, but also
have different vertebrate assemblages characterized by abundant
procolophonids, whereas traversodont cynodonts are virtually
absent. A striking example is the higher paleolatitude (approxi-
mately 6°N), 233-Ma middle Wolfville Formation assemblage of
the Fundy Basin. Abundant and diverse procolophonids occur in
these fluvial strata and include the genera Scoloparia, Acadiella,
andHaligonia (24). The only traversodont cynodont present is the
rare and comparatively huge Arctotraversodon (dentary length ¼
40 cm) (ref. 48; H-D Sues, personal communication, 2010). Con-
versely, in the low paleolatitude Pekin (approximately 3°S) and
Vinita (approximately 4°) formations, procolophonids are very
rare, represented only by two specimens (49), among hundreds of
specimens of the traversodont cynodont Boreogomphodon (50).
It is worth emphasizing that the approximately 10-ky cyclicity
occurs at independently determined equatorial paleolatitudes
where coals are preserved (5), along with the traversodont cyno-
donts. It is likely that the coupling of the double rainy season that
is linked to the approximately 10-ky cyclicity with more intense
equatorial insolation was responsible for the greater mean humid-
ity and less intense dry periods of the region, which favored the
traversodont cynodonts and coal formation. Support for this hy-
pothesis that humidity was critical comes from Gondwanan high
latitudes, where Late Triassic assemblages with abundant traver-
sodont cynodonts also occur (4, 51). These specifically include the
Ischigualastian assemblages of Argentina and the Santa Maria as-
semblages of Brazil associated with abundant gray, plant-bearing
strata (52). Apparently, traversodont cynodonts had very disjunct
ranges during the Late Triassic and were largely limited to humid
zones. The distinct, apparently climate-related, provinciality of
the Late Triassic is associated with high diversity globally, in
dramatic contrast to the Early Jurassic in which global faunas are
evidently homogenized, at least at higher taxonomic levels (2).
At a larger scale, floral data also shows a strong pattern of
latitude-related provinciality, with time-transgressive microfloral
assemblages being characteristic of low to higher latitudinal
sedimentary basin successions (32) resulting from the northward
translation of central Pangea, paralleling the pattern observed in
larger vertebrates (2). Because the ranges of pollen and spores is
often used for long range biostratigraphic correlation, there has
been a strong tendency to conflate these biogeographic patterns
with a biostratigraphic (i.e., temporal) signal in the absence, or
even in the face of, strong, biostratigraphically independent
means of temporal correlation (e.g., ref. 53).
The documentation of latitudinal separation of distinct verte-
brate biotic provinces is consistent with the suggestion that Late
Triassic archosaurs also show latitudinal differences (2, 4, 54, 55).
These data show clear differences between taxa from the tropical
semiarid zone of the American Southwest in comparison to the
more humid high-latitude assemblages of South America. Astro-
nomically forced latitudinal climate differences predict these
observed differences and may indicate they were a major driver
of Late Triassic terrestrial biogeography. More specifically, they
also explain a long-standing puzzling pattern: the lack of traver-
sodont cynodonts from fossiliferous strata in the American
Southwest that were deposited north of the equatorial belt (13).
One possible mechanism limiting abundant traversodont
cynodonts to equatorial and temperate latitudes might be their
nitrogen excretion physiology. Synapsids, including humans and
traversodonts, are ureotelic and retain the primitive tetrapod
condition in which excreted urea is diluted by abundant water
(56). In contrast, nearly all living sauropsids are uricotelic synthe-
sizing uric acid (56), a feature likely present in procolophonids
(see SI Text). The water used in synthesizing uric acid is recovered
when it is precipitated prior to excretion, and hence, living saur-
opsids (including lizards and birds) tend to have an advantage
over living synapsids—mammals—in water-poor areas. Thus, if
procolophonids had sauropsid uricotely, they would be expected
to be more successful at surviving water stress encountered not
only seasonally, but more severely during the megadroughts at
times of maximum precessional variability approximately every
20-ky cycle at extraequatorial tropical and subtropical latitudes.
These arid intervals would be less extreme in the zone dominated
by approximately 10-ky cyclicity. Because physiological water
balance strategies are highly conserved among sauropsid and
synapsid clades, this would be a likely mechanism to allow climate
to sort the abundance of members of these clades, especially
during extreme climate events.
Conclusions
Late Triassic equatorial Pangea lake levels followed an approxi-
mately 10-ky and approximately 20-ky cyclicity attributable to the
control of precipitation by the doubling of the frequency of the
climatic precession cycle. Contemporaneous lacustrine records
from the higher latitude Newark basin show much less effect of
the approximately 10-ky cycle and a correspondingly stronger
∼20-ky cycle of “normal” climatic precession. The dominance of
the ∼20-ky cycle of climatic precession increased in younger stra-
ta as central Pangea drifted north during the Late Triassic (13).
Biotic provinciality tracks the modes of climate variability with
traversodont cynodont-dominated assemblages present in areas
with ∼10-ky cyclicity, whereas procolophonids are dominant in
regions with the more familiar ∼20-ky cyclicity. Even in a time of
low equator-to-pole gradients, no ice, and no geographic barriers,
Milankovitch variability, and climate in general, appears suffi-
cient to have produced strong biotic provinciality. Physiological
constraints acted on by climate extremes during times of high
precessional variance may have been a key ecological structuring
Fig. 5. Conceptual model showing relationship between the latitude of the
coincidence of perihelion and the solstice through time. Width of the sinu-
soidal line is proportional to the insolation intensity at the coincidence of
perihelion and solstice following the eccentricity cycles. A, B, and C represent
hypothetical lacustrine sections showing lithological variations caused by
lake level cycles produced by changes in precipitation tracking the yearly
insolation maximum. A and C have pure approximately 20-ky cycles, whereas
B at the equator has only an approximately 10-ky cycle.












mechanisms. Biotic provinciality driven by zonal climate belts
coupled with ecological incumbency, priority, or niche preemp-
tion effects (e.g., ref. 57) that develop as a consequence of
the basic climatic structure may be prevalent when geographic
barriers are minimal except at times of extreme ecological reor-
ganization, such as the end-Permian (2, 58), and end-Triassic mass
extinctions (2, 16) and the Paleocene-Eocene Thermal Maxi-
mum (59, 60) hyperthermal.
Methods
Depth Rank and Color. Depth rank, a proxy of relative lake depth, is a classi-
fication of facies by suites of sedimentary structures in which facies are
assigned a value of 0 to 5 in order of increasing relative water depth (7, 17).
Color is related to the reduction-oxidation state of the sedimentary envir-
onment.
Carbon Isotopic Analyses. From each section of interest, we took samples
at submeter intervals for bulk carbon isotopic (δ13Corg) and TOC analyses.
Samples were weighed into methanol-rinsed Ag boats, acidified in a desic-
cator over concentrated HCl for 72 h at 60–65 °C, dried for 24 h at 60–65 °C,
and dried for an additional 24 h at 60–65 °C in a desiccator with silica gel.
Samples were wrapped in Sn immediately prior to analysis. δ13Corg and
TOC measurements were made on a Costech 4010 Elemental Analyzer (EA)
with a Zero-Blank carousel coupled to a Thermo DeltaVPlus stable light
isotope ratio mass spectrometer (IRMS) at Brown University. Samples were
flash-combusted in the EA at 1020 °C in a pure oxygen pulse, with resulting
products being fully oxidized to CO2 in a metal oxide bed, subsequent reduc-
tion of NOx to N2 in a copper bed, and chromatographic separation prior
to admission to the IRMS. Standardization with reference pulses resulted
in isotopic accuracy and precision better than 0.3% for CO2.
Time Series Analysis. Time series analysis was performed using Analyseries
2.0.4.2 (61). The age models were developed either by direct correlation
to the Newark-APTS by paleomagnetic polarity stratigraphy or by identifica-
tion of one of the thickness periodicities as the 405-ky cycle of eccentricity
(see SI Text for details).
Daily Insolation Model. For this model, daily solar insolation averaged over
24 h at latitude φ and day λ (rad, independent of calendar date) is given
by (62, 63)
W ¼ ðS0∕piÞ · ½1þ e cosðλ-ω-piÞ&2∕ð1 − e2Þ2
· ðH0 sinφ sin δþ cosφ cos δ sinH0Þ; [1]
where S0 is the solar constant (1;365 W∕m2), H0 is the hour angle, and δ is the
declination angle. The orbital parameters of eccentricity e, obliquity ε, and
precession ω are given by Laskar et al. (64) (abbreviated below as La2004)
and provide
sin δ ¼ sin ε sin λ [2]
and
cosH0 ¼ − tanφ tan δ: [3]
At the equator, maximum insolation occurs approximately at the equi-
noxes (vernal equinox, λ ¼ 0; autumnal equinox, λ ¼ pi), and minimum insola-
tion occurs approximately at the solstices (summer solstice, λ ¼ pi∕2; winter
solstice λ ¼ 3pi∕2), although the exact values of maximum and minimum λ
vary slightly over time (37). Moving away from the equator, maximum
and minimum λ vary with increasing magnitude.
To find the magnitude and day of maximum and minimum insolation at
latitude φ, we use a MATLAB program that implements Eq. 1 and the La2004
orbital parameter solution (SI Text). The program iteratively calculates
daily solar insolation for λmax ' d rad and λmin ' d rad with steps of 0.02 rad,
where λmax and λmin are the equinoxes and solstices, respectively. For φ < 10°,
d ¼ 0.8 is sufficient. For φ > 10°, d must increase with φ.
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